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Gypsiferous units oc cur along the mar gins of some Paleogene and Neo gene bas ins in Spain. These units ac cu mu lated in shal low sa line
lakes of low ionic con cen tra tion. Other gypsiferous fa cies con sti tute outer rings of the thick, highly-sa line evaporite for ma tions that oc -
cupy the cen tral parts of the bas ins. In some of these gyp sum units and rings, large nod ules (from 0.5 m to sev eral metres across) of sec -
ond ary gyp sum that orig i nated as replacive or displacive nod u lar anhydrite are pres ent. Al though these oc cur rences usu ally show a
stratiform ar range ment, ver ti cal ge om e tries are ob served lo cally, sug gest ing as cend ing cir cu la tion of anhydritizing flows. The com mon
char ac ter is tics of the large gyp sum nod ules in the var i ous oc cur rences in di cate that the pre cur sor anhydrite formed in burial con di tions
from shal low to mod er ate depths. A few oc cur rences of large, sec ond ary gyp sum nod ules in the gyp sum units are linked to deep faults or
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INTRODUCTION
Sabkha and deep burial set tings are the most com mon sites
where diagenetic anhydrite forms. In a sabkha set ting,
displacive fa cies (iso lated nod ules, bed ded nod ules,
enterolithic lev els) of early diagenetic or pri mary anhydrite are
gen er ated (Shearman, 1966; Hardie, 1967). These anhydrite fa -
cies are com monly found at the top of shoal ing cy cles rep re -
sent ing the evo lu tion from sub aque ous depositional con di tions
at the base (car bon ates, lutites) to ex po sure con di tions at the top 
where in ter sti tially-grown gyp sum/anhydrite de vel ops (sabkha 
cy cles). In a deep burial set ting, gyp sum trans forms to tally to
anhydrite with in creas ing tem per a ture and lithostatic pres sure
(Murray, 1964). Al though this min eral trans for ma tion usu ally
pre serves the depositional gyp sum fa cies, a sig nif i cant tex tural
change is in volved in other cases, re sult ing in replacive
anhydrite with a nod u lar-mo saic or “chicken-wire” fab ric
(War ren, 2006). In the two set tings, how ever, the size of the in -
di vid ual anhydrite nod ules is rel a tively small, rarely reach ing
some tens of centi metres across. More over, bed ding is pre -
served or lit tle dis turbed, al though mi nor de for ma tion is caused 
by the displacive sabkha nod ules. 
These two set tings of anhydrite growth have been rec og -
nized in the as sem blage of both ma rine and non-ma rine
evaporite units of Me so zoic and Paleogene and Neo gene age in 
the sed i men tary bas ins of Spain (Ortí, 1992, 1997; PlayB et al.,
2000). The pres ent pa per is con cerned with a dif fer ent set ting
of anhydrite growth oc cur ring in the same geo log i cal do main.
In ex po sure, the fa cies char ac ter iz ing this set ting is made up of
large (>0.5 m up to sev eral metres across) nod ules of sec ond ary 
gyp sum (Fig. 1A). These nod ules oc cur in the non-ma rine
evaporite units that ac cu mu lated pref er en tially  along the ba sin
mar gins. Very of ten the anhydrite pre cur sors of these nod ules
have been in ter preted as sabkha prod ucts in the lit er a ture.
This pa per gives an over view of these un usual gyp sum
nod ules in some Ibe rian Paleogene and Neo gene bas ins as
well as a new in ter pre ta tion of their gen e sis (Fig. 2). How ever, 
the oc cur rences pres ent in the Ebro Ba sin will be dealt with
else where (Ortí et al., in prep.). Given their pu rity in cal cium
sul phate, all these fa cies have  in the past been ex ploited eco -
nom i cally for the pro duc tion of both plas ter of Paris and
high-qual ity al a bas ter sculp tures, in some cases, since Ro man
times.
STRATIGRAPHIC 
AND SEDIMENTOLOGIC SETTING
Non-ma rine evaporitic sed i men ta tion was re corded in sev -
eral Ibe rian bas ins dur ing the Paleogene and Neo gene. In some
of these bas ins, a num ber of small sa line lakes de vel oped with
their mother wa ters char ac ter ized by a low ionic con cen tra tion
and a Ca-sul phate com po si tion (Ortí et al., 1989a, b). The iso -
to pic com po si tions of the gyp sum units that de rived from these
lakes in di cate that the sul phate in the mother wa ters mainly re -
sulted from chem i cal re cy cling of the ma rine
Me so zoic evaporites (Tri as sic, lower Li assic and 
Up per Cre ta ceous) pres ent in the Al pine chains
bound ing the bas ins (Utrilla et al., 1991, 1992).
In the Ibe rian Paleogene and Neo gene bas -
ins, gypsiferous fa cies also oc cur as outer rings
of the thick, non-ma rine evaporite for ma tions
that oc cupy the basinal depocenters. These cen -
tral for ma tions are char ac ter ized by com plex
min eral parageneses de rived from highly-sa line 
mother brines (Na-chlo rides, Na-sulphates;
Ortí, 1989b). 
Large gyp sum nod ules (be tween 0.5 m and
sev eral metres across) are found in some of the
gyp sum units and gypsiferous outer rings. They
re place or dis place the host lithologies, ei ther
evaporitic (gyp sum/anhydrite) or non-evaporitic
(lutites, car bon ates). Petrographic ev i dence in
these nod ules such as the pres ence of di ag nos tic
mi cro scopic tex tures of sec ond ary gyp sum and
abun dant anhydrite rel ics in di cate that these are
sec ond ary gyp sum fea tures that orig i nated as
anhydrite. Fi nal ex hu ma tion of the gyp sum units
dur ing the Plio cene–Pleis to cene re sulted in the
anhydrite-to-sec ond ary gyp sum trans for ma tion
of the large nod ules. 
The most com mon tex ture of sec ond ary gyp -
sum in these large nod ules is alabastrine, but
both porphyroblastic crys tals and porphyro -
blastic coat ings are of ten de vel oped in the ex ter -
nal bound aries (Fig. 1B). Some large nod ules are 
also made up of megacrystals (“megacrystalline
sec ond ary gyp sum”; Ortí, 1977).
OCCURRENCES
CALATAYUD BASIN (MIOCENE UNITS)
The intermontane Calatayud Ba sin is lo cated
in the cen tral part of the Ibe rian Range (Figs. 2 and 3A). It has a
graben struc ture elon gated in a NW to SE di rec tion, and is
flanked by ar eas of high re lief mainly com posed of slates,
quartzites and car bon ate rocks of Pa leo zoic age. The ba sin,
which formed dur ing Mio cene extensional tec ton ics, was filled
with a thick (up to 1500 m), non-ma rine Neo gene suc ces sion
(Anadón and Alcalá, 2004). Three ma jor lithostratigraphic
units have been dis tin guished in this suc ces sion (Sanz-Rubio et
al., 1997): the Mio cene Lower Unit, which is de tri tal in the
mar ginal zones and evaporitic in the cen tre; the Mio cene In ter -
me di ate Unit, which is gypsiferous and marly-cal car e ous; and
the Mio cene Up per Unit, which is cal car e ous to siliciclastic in
com po si tion.
Two evaporite units have been dis tin guished in this Neo -
gene suc ces sion (Ortí and Rosell, 2000): a lower evaporite
unit that is com posed of Na-sul phate (glau ber ite and
thenardite) beds in the cen tre and gyp sum beds at the mar gins. 
This unit cor re sponds to the evaporitic fa cies that oc cupy the
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Fig. 1. Large gyp sum nod ules in the prox im ity of the vil lage of Fuentes
de Jiloca (Yesera del Pilar, Calatayud Ba sin) 
A – gen eral view, sci en tist is Dr. Alicja Kasprzyk (No vem ber, 1989); B – de tail
of alabastrine core, in di vid ual porphyroblastic crys tals, and porphyroblastic coat ing
in a large nod ule of sec ond ary gyp sum; ham mer for scale
cen tral part of the Mio cene Lower Unit; and an up per
evaporite unit that is made up of lam i nated gyp sum, lo cated at
the base of the Mio cene In ter me di ate Unit (Fig. 3B). Along
the south ern bound ary of the ba sin, the two evaporite units
have gypsiferous outer rings mainly com posed of mas sive,
bioturbated, chert-bear ing, pri mary gyp sum fa cies. Near the
vil lage of Fuentes de Jiloca, these mar ginal fa cies in clude
large nod ules of sec ond ary gyp sum, which dis place or re place 
the bioturbated gyp sum (Fig. 4A, B).
The ar range ment of these large nod ules is com monly
stratiform but may be ver ti cal. In the lat ter case, the nod ules
form col umns or walls up to 20 m high and sev eral metres wide
and cross-cut the bioturbated gyp sum lay ers and the
interbedded lutite beds (Fig. 5A, B). The stratiform ar range -
ment of large nod ules in the Fuentes de Jiloca area sug gests re -
pet i tive sabkha ep i sodes (Ortí and Rosell, 2000). How ever,
given the size of the nod ules and the height of the col umns and
given that no ero sional sur faces are ob served at the top of the
nod ules, the ver ti cal ar range ment could also have been caused
by the cir cu la tion of deep, anhydritizing brines, which as -
cended through frac tures.
TREMP BASIN 
(PALEOCENE UNIT)
The Tremp Ba sin (Fig. 2) is lo cated in the allochthonous
Cen tral South Pyr e nean struc tural unit (Seguret, 1972) and
forms a wide syncline com posed of Meso-Ce no zoic strata. In
this ba sin, the up per most 200 m of the Tremp For ma tion
(Garumn Fa cies of Paleocene age) con sti tute an evaporite unit
which is in ter ca lated within red lutites. Out crop ping gyp sum in
this unit is sec ond ary and de rived from anhydrite hydration
(García-Veigas, 1997). 
In this unit, the com mon gyp sum fa cies is lam i -
nated-to-banded and in ter ca lates large nod ules (from 0.5 m to
>1 m across) of replacive/displacive gyp sum (Fig. 6). A rep re -
sen ta tive cy cle of this unit in the Tremp Ba sin is shown in Fig -
ure 7A: the large nod ules are mainly de vel oped to wards the top
of the cy cle where the thick ness of the gyp sum beds is max i mal
(Figs. 7A, B). The up per parts of the nod ules, how ever, re main
un af fected by any pos si ble ero sion/dis so lu tion sur face. 
Al though the cy cle has been at trib uted to a sabkha set ting
by García-Veigas (1997), all these char ac ter is tics are com pat i -
ble with the stratiform ge om e try of a post-depositional (burial)
growth of large nod ules of anhydrite.
COASTAL DEPRESSION 
OF VALêNCIA (MIOCENE UNIT)
The Ninyerola Gyp sum is a cy clic lac us trine unit (200 m
thick) of Mid dle Aragonian (Early Mio cene) age that is de vel -
oped in the Coastal De pres sion of the city of ValPncia, East ern
Spain (Anadón and Alcalá, 2004; Fig. 8A). This de pres sion is
filled with Paleogene and Neo gene and Qua ter nary de pos its.
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Fig. 2. Dis tri bu tion of evaporite for ma tions in the Paleogene and Neo gene bas ins of Cen tral and North ern Spain
Main oc cur rences of large nod ules of sec ond ary gyp sum cited in this pa per are lo cated in the Calatayud, 
Tremp and Tajo bas ins, and in the Coastal De pres sion of ValPncia
The best ex po sure of the Ninyerola Gyp sum Unit is found in an 
anticline ori ented NNE–SSW with a diapiric core formed by
Up per Tri as sic gyp sum (Keuper fa cies, which are rich in ha lite
in the subsurface; Fig. 8B). This anticline is lo cated be tween
the vil lages of Montserrat and Picassent (ValPncia prov ince).
The Mio cene suc ces sion on both flanks of the anticline dis -
plays some lithological dif fer ences, sug gest ing that ini tial
diapirism of the Up per Tri as sic evaporites was co eval with the
non-ma rine Mio cene sed i men ta tion (Ortí and Rosell, 2007).
The basal gyp sum lay ers of the Mio cene suc ces sion in con -
tact with the Keuper fa cies are made up of sec ond ary gyp sum
and dis play nod u lar fa cies; this gyp sum has been ex ploited in
quar ries. The orig i nal bed ding of these lay ers is se verely dis -
turbed by the pres ence of large nod ules (up to 1.5 m across). In
the over ly ing part of the suc ces sion, the gyp sum re mains pri -
mary (bioturbated gyp sum fa cies). The struc tural com plex ity of 
this ex po sure pre vents a pre cise ob ser va tion of the na ture, con -
form able or not, of the con tact be tween the basal nod u lar gyp -
sum fa cies of the Mio cene suc ces sion and the over ly ing lay ers
of pri mary gyp sum.
As sum ing that this con tact is con form able, the large nod -
ules of the pre cur sor anhydrite can be in ter preted as hav ing
formed in a sabkha (very early diagenetic) set ting, as has been
ten ta tively pro posed by Ortí and Rosell (2007). How ever, as -
sum ing that the bound ary is ir reg u lar or oblique to bed ding, a
dif fer ent diagenetic sce nario could also be con sid ered. Thus,
the cir cu la tion of as cend ing brines as so ci ated with the
diapirism of the Up per Tri as sic (Keuper) evaporites dur ing the
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Fig. 3. Oc cur rence of large gyp sum nod ules in the Calatayud Ba sin (Mio cene)
The gen eral lithostratigraphic units of the Mio cene (Lower, In ter me di ate and Up per units) are taken from Anadón and
Alcalá (2004); the evaporite units, fa cies zones, and fa cies types are taken from Ortí and Rosell (2000); A – dis tri bu tion of
the (sim pli fied) evaporitic fa cies be tween the town of Calatayud and the vil lage of Villafeliche; the area of large gyp sum
nod ules in the prox im ity of the vil lage of Fuentes de Jiloca is in di cated; B – dis tri bu tion of large gyp sum nod ules in the
lower and up per evaporite units along the sec tion I–I’ in the mar ginal area be tween Fuentes de Jiloca and Morata de Jiloca.
Adapted from Ortí and Rosell (2000, fig. 2)
Mio cene could be con sid ered. In this case, the as cend ing
brines, rich in so dium chlo ride, would have caused the nod u lar
anhydritization of the gyp sum beds in con tact with the Keuper
de pos its on both sides of the anticline core (Fig. 8C). This al ter -
na tive in ter pre ta tion is fa voured by (1) the large size of the nod -
u lar struc tures and by (2) the fact that only the Mio cene suc ces -
sion in di rect con tact with the diapiric ma te ri als was trans -
formed into nod u lar anhydrite (the bioturbated fa cies has been
pre served as pri mary gyp sum in other out crops of the
Ninyerola Gyp sum Unit in the re gion). 
TAJO BASIN
(PALEOGENE AND MIOCENE UNITS)
The Tajo (Ma drid) Ba sin is an intracratonic Paleogene and
Neo gene ba sin lo cated in Cen tral Spain (Fig. 2). This ba sin was 
filled with a sed i men tary suc ces sion over 2000 m-thick mainly
com posed of lac us trine and al lu vial ma te ri -
als. In the cen tral part of the ba sin, the main
evaporitic de pos its con sist of a thick (about
600 m) con ti nen tal unit known as the Sa line
Unit or the Mio cene Lower Unit of Early to
Mid Mio cene age (Ramblian to early
Aragonian; Calvo et al., 1996). The unit is
formed by lay ers of highly-sol u ble min er als
(glau ber ite, thenardite and ha lite) in as so ci a -
tion with gyp sum/anhydrite and lutite beds
(Ortí et al., 1979; OrdóZez et al., 1991).
Some gyp sum de pos its are also pres ent in
the so-called Mio cene In ter me di ate Unit (of
mid dle Aragonian to Vallesian age). Be sides 
these two ma jor units that oc cupy the ba sin
cen tre, some older (Paleogene) units, which
are mainly com posed of Ca-sul phate fa cies
(gyp sum/anhydrite), crop out in the east ern
and north ern parts of the ba sin.
In var i ous evaporite units of this ba sin,
some oc cur rences of large, displacive to
replacive nod ules of sec ond ary gyp sum have
been cited. These oc cur rences are pref er en -
tially lo cated to wards the ba sin mar gins (Ortí
et al., 1992). One of them is pres ent in the
gyp sum quar ries near the vil lage of AZover
de Tajo (Fig. 9) to the south of the ba sin,
where large nod ules and ir reg u lar masses
(>2 m across) dis place me chan i cally and also
re place the lam i nated gyp sum at the base of
the Mio cene In ter me di ate Unit (Fig. 10). 
An other oc cur rence of Mio cene age is
found near the vil lage of Leganiel lo cated to
the east of the ba sin and close to the
overthrust of the Altomira Chain on the
Paleogene and Neo gene de pos its of the ba -
sin. At this lo cal ity, large nod ules (up to 1 m
across) re place a pri mary selenitic gyp sum
fa cies of lac us trine or i gin (Fig. 11). This fa -
cies is con sid ered as an in de pend ent mar -
ginal gyp sum unit that de vel oped co evally
with the up per part of the Sa line Unit but re mained geo graph i -
cally sep a rated from it (Ro dri guez-Aran da et al., 1995). In this
lo cal ity, the large gyp sum nod ules also re place the beds made
up of bioturbated gyp sum fa cies that form the base of the Mio -
cene In ter me di ate Unit.
Ad di tional oc cur rences are also pres ent in the Paleogene
gyp sum de pos its to the north of the ba sin in the quar ries near
the vil lages of Aleas and Torrelaguna (Fig. 9). In the Aleas
quar ries, large nod ules (>1 m across) of replacive, sec ond ary
gyp sum may oc cupy sig nif i cant parts of the ex ploi ta tion fronts
(Fig. 12).
OTHER OCCURRENCES 
In the Carpentras Ba sin of SE France (Paleogene), the
Mazan gyp sum quarry ex hib its a sel e nite fa cies of pri mary gyp -
sum which was de pos ited in a lac us trine en vi ron ment. In the
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Fig. 4. Large gyp sum nod ules of alabastrine sec ond ary gyp sum (ln) in the lower evaporite
unit (Mio cene) of the Calatayud Ba sin; the host bioturbated gyp sum of the large nod ules is
pre served as pri mary (bp); Yesera del Pilar quarry front near Fuentes de Jiloca
A – group of large nod ules; B – in di vid ual, replacive, large nod ule of about 8 m across; 
other large nod ules are pres ent
quarry fronts, the pres ence of sec ond ary gyp sum
fea tures in ver ti cal col umns or walls that are sev -
eral metres in height and a few metres in width was
cited by Truc (1983) and by Ortí (1989a). These
col umns cut and re place the selenitic lay ers. In the
cen tral part of the col umns, large nod ules (>0.5 m
across) of alabastrine sec ond ary gyp sum are sur -
rounded by ir reg u lar masses of megacrystalline
sec ond ary gyp sum (Fig. 13). Ac cord ing to the for -
mer au thors, the selenitic gyp sum was re placed
along ver ti cal frac tures by large anhydrite nod ules
(cen tral part of the col umns) and by mas sive
anhydrite (ex ter nal parts of the col umns). Dur ing
the ex hu ma tion of the de posit, the large nod ules
and the mas sive anhydrite were re placed, re spec -
tively, by the alabastrine and the megacrystalline
tex tural va ri et ies of sec ond ary gyp sum. This
anhydritization was at trib uted to the as cend ing cir -
cu la tion of chlo ride-rich brines in burial con di tions
by Truc (1983).
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Fig. 5. Oc cur rence of large nod ules of alabastrine sec ond ary gyp sum in the lower evaporite unit (Mio cene)
of the Calatayud Ba sin; the host bioturbated gyp sum of the large nod ules is pre served as pri mary;
Yesera del Pilar quarry front near Fuentes de Jiloca
A – stratiform (lower part of the pic ture) and ver ti cal (up per part) ar range ment of the large nod ules; the host-rock of the large
nod ules is pri mary bioturbated gyp sum in the stratiform ar range ment and red lutites in the ver ti cal ar range ment; the lutite
beds in the up per part of the pic ture are cut or de formed by large nod ules; note the hu man scale (ar row); B – close-up of the
for mer pic ture; bp – bioturbated gyp sum, rl – red lutites; the pic ture is taken at a time dif fer ent from that of the pic ture in (A)
Fig. 6. Oc cur rence of large nod ules of alabastrine sec ond ary gyp sum
in the evaporitic unit of the Tremp For ma tion (Garumn fa cies; Paleocene)
in the Tremp Ba sin (South Pyr e nees)
Ham mer for scale (ar row)
In the Betic Chain (SE of Spain), Salvany and Ortí (1990)
re ported the pres ence of large nod ules in the Neo gene suc ces -
sion (Mid –Late Mio cene to Plio cene) of the Cam po Coy Ba sin
(Murcia prov ince), where a cy clic, non-ma rine gyp sum unit up
to 45 m-thick crops out along the south ern mar gin of the ba sin.
Both pri mary and sec ond ary gyp sum fa cies are pres ent in this
unit, in clud ing sec ond ary gyp sum nod ules up to 1 m across.
Salvany and Ortí (1990) con cluded that the pri mary gyp sum fa -
cies in the depositional cy cles were partly trans formed into
nod u lar anhydrite in a sabkha set ting dur ing early diagenesis.
Sub se quently, large nod ules of anhydrite de vel oped pref er en -
tially at the top of the cy cles, dis plac ing/re plac ing the al ready
formed nod u lar (sabkha) anhydrite and de form ing the bed ding.
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Fig. 7. Oc cur rence of large gyp sum nod ules of sec ond ary gyp sum in the Tremp For ma tion; 
adapted and sim pli fied from García-Veigas (1997, fig. 9.2)
A – evaporitic, depositional cy cle bear ing large nod ules; B – in ter pre ta tive subenvironments of the depositional cy cle ac -
cord ing to García-Veigas (1997); the sug ges tion that the growth of the large nod ules of (pre cur sor) anhydrite post dated the
sed i men ta tion of the whole cy cle (i.e., oc curred dur ing burial diagenesis) is cited in the text (see sec tion “Other oc cur -
rences”) 
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Fig. 8. Oc cur rence of large nod ules of sec ond ary gyp sum in the Ninyerola Gyp sum Unit 
(Mio cene; west ern zone of the Neo gene Coastal De pres sion of ValÀncia) 
A – lo ca tion map of the Ninyerola Gyp sum Unit. The area shown is the SE cor ner of the Geo log i cal
Map 721 (Cheste) of Spain on a scale of 1:50 000 (af ter Ortí and Rosell, 2007, fig. 1); B – geo log i cal
sec tion across the diapiric anticline in the Ninyerola Zone be tween the vil lages of Montserrat and
Picassent. At the base of the Mio cene suc ces sion the gyp sum is to tally sec ond ary and dis plays nod u lar 
fa cies and large nod ules; adapted from Ortí and Rosell (2007, fig. 3A); C – in ter pre ta tive scheme of
the gyp sum-to-anhydrite trans for ma tion in volv ing large anhydrite nod ules. This trans for ma tion
would have been caused by as cend ing flu ids act ing on the pri mary (bioturbated) gyp sum fa cies of the
Ninyerola Gyp sum Unit. The chlo ride-rich, as cend ing flu ids would be linked to ini tial,
synsedimentary diapirism (pil low stage?) of the Keuper ma te ri als. The scheme as sumes that in (B) the
bound ary be tween the nod ules/large nod ules (anhydritized fa cies) and the pre served pri mary gyp sum
is not depositional
As in the case of the Tremp Ba sin (see above), we can not
rule out the pos si bil ity that the oc cur rences in the Cam po Coy
Ba sin de rived from as cend ing, anhydritizing brines in the
prox im ity of the ba sin mar gin (in con trast to an or i gin re lated
to a sabkha set ting). In the two cases, the pref er en tial pres ence 
of the large nod ules at the top of the cy cles could also be
linked to the avail abil ity of larger vol umes of gyp sum (pres -
ence of thicker gyp sum lay ers to wards the top of the cy cles) to 
be con verted into anhydrite dur ing burial.
ENVIRONMENT OF FORMATION
The fore go ing sum mary of oc cur rences sug gests an or i gin
of the large (pre cur sor) anhydrite nod ules that is not con sis tent
with a sabkha set ting. As re gards a pos si ble or i gin due to deep
burial diagenesis, the co ex is tence of the large nod ules with un -
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Fig. 9. Sit u a tion of the lo cal i ties near the oc cur rences of large 
gyp sum nod ules in the Mio cene evaporite units
of the Tajo (Ma drid) Ba sin cited in this pa per
Fig. 10. Oc cur rence of large nod ules of alabastrine sec ond ary gyp sum (ln) at the base
of the Mio cene In ter me di ate Unit of the Tajo (Ma drid) Ba sin in a gyp sum
quarry front near the vil lage of AÔover de Tajo
The gyp sum host-rock of the large nod ules is lam i nated to banded
sec ond ary gyp sum (bs); the low er most part of the front cor re sponds to the top
of the Mio cene Lower Unit (MLU – Sa line Unit); per son for scale
Fig. 11. Large nod ules of megacrystalline sec ond ary gyp sum 
re plac ing (pri mary) sel e nite fa cies
Top of the Mio cene Lower Unit (Sa line Unit) near the vil lage
of Leganiel (east ern part of the Tajo Ba sin); di am e ter
 of the com plete nod ules is close to 60 cm
af fected pri mary gyp sum fa cies in a num ber of Paleogene
(Carpentras Ba sin) and Mio cene units (Calatayud Ba sin, Tajo
Ba sin, Coastal De pres sion of ValPncia) in di cates that their
growth was not re lated to min eral trans for ma tions in a deep
burial set ting.
In con trast, the growth of large replacive/displacive
anhydrite nod ules in the bas ins stud ied seems to be re lated to
the ex is tence of palaeohydraulic sys tems con nect ing the
bound ing moun tain chains and the bas ins. In these sys tems,
ground wa ter of deep, re gional aqui fers nour ished in the
chains would have dis charged into the ba sin mar gins. This
type of cir cu la tion has been doc u mented in the Qua ter nary
hydrogeologic sys tems of the Ibe rian mar gin in the Ebro Ba -
sin by Sánchez Navarro et al. (1999). Sim i larly, in
Paleogene–Mio cene times wa ters as cend ing from deep would 
have been dis charged into the mar gins of the bas ins un der
study (Tajo and Tremp bas ins; Coastal De pres sion of
ValPncia) re cy cling Me so zoic (Ca-sulphates, Na-chlo ride)
evaporites. Pre sum ably, these as cend ing, highly-sa line and
rel a tively warm wa ters be came anhydritizing flows.
In the Calatayud Ba sin, par tic u larly in the Fuentes de
Jiloca Zone, two ad di tional fac tors could have fa voured the
gyp sum-to-anhydrite con ver sion into large nod ules dur ing
burial. One fac tor is the lat eral fa cies change in the lower
evaporite unit from the highly-sa line cen tral zone, rich in
Na-sul phate min er als, to the mar ginal zone of Fuentes de
Jiloca, dom i nated by pri mary gyp sum fa cies that are char ac -
ter is tic of low ionic con cen tra tion wa ters. Compactional
brines from the cen tral zone of this unit prob a bly cir cu lated
lat er ally and also in flu enced the gyp sum-to-anhydrite con ver -
sion in the mar ginal zones. The other fac tor, and the more im -
por tant one, is that sol utes com ing from older Paleogene and
Neo gene evaporite units in this ba sin could have been added
to the chem i cally re cy cled Tri as sic sol utes in the deep re -
gional aqui fers. In fact, Ortí and Rosell (2000) re ported a Na
sul phate-chlo ride spring that cur rently dis charges wa ter at
24°C at the vil lage of Paracuellos de Jiloca (Fig. 3A). Ac cord -
ing to bore hole data, a thick ha lite unit (of Mio cene age?) at a
depth of be tween 170 and 537 m ex ists in this zone. This sug -
gests that, dur ing the Mio cene, deep brines at rel a tively high T 
(prob a bly >25°C) as cend ing from older Paleogene and
Neogen evaporite units also con trib uted to the replacive or
displacive growth of large nod ules of anhydrite along the
outer zones of the Mio cene evaporite units close to the ba sin
mar gins.
In the case of the Tajo Ba sin, some of the oc cur rences that
di rectly over lie the highly-sol u ble ma te ri als of the Mio cene
Lower Unit (Sa line Unit) sug gest that compactional brines also
fa voured the growth of large anhydrite nod ules in the mar ginal
zones. More over, the in flu ence of chlo ride-rich brines as cend -
ing through par tic u lar zones of the gyp sum units un der a struc -
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Fig. 13. Oc cur rence of large nod ules of alabastrine sec ond ary gyp sum
in a co lum nar ar range ment in the Mazan gyp sum quarry, Carpentras
Ba sin, SE France (Paleogene); adapted from Ortí (1989a, fig. 17c) 
Fig. 12. Oc cur rence of large, replacive gyp sum nod ules
of alabastrine sec ond ary gyp sum in the quar ries
near Aleas (north ern part of the Tajo Ba sin)
Host-rock of the nod ules is mas sive sec ond ary gyp sum (ms) 
tural con trol was con sid ered in the Ninyerola Gyp sum Unit and 
in the Carpentras Ba sin. 
Al though the depth at which the large anhydrite nod ules
de vel oped dur ing pro gres sive burial can not be pre cisely es tab -
lished, it is clear that the pro cess oc curred be fore the gyp sum
units be came bur ied deeply enough to un dergo a to tal gyp -
sum-to-anhydrite con ver sion; thus, the pro cess would have oc -
curred dur ing shal low-to-mod er ate burial con di tions.
As stated above, the evaporite units bear ing the large nod -
ules are lo cated mainly at the ba sin mar gins. Sim i lar struc -
tures, how ever, could also de velop in par tic u lar zones of the
units with a dif fer ent palaeogeographic or struc tural po si tion,
as in the diapiric anticline of the Ninyerola Gyp sum Unit in
the Coastal De pres sion of ValPncia. Be sides the Ibe rian ex -
am ples, the growth of large anhydrite nod ules could also have 
oc curred in other geo log i cal do mains, par tic u larly in
evaporitic bas ins that re cy cled older evaporites sim i lar to
those de scribed in this work. 
CONCLUDING REMARKS
1. The tex tural char ac ter is tics of the gyp sum that makes up
the large nod ules in the Ibe rian Paleogene and Neo gene bas ins
in di cate that this diagenetic fa cies orig i nated as anhydrite. 
2. This mode of anhydrite for ma tion is clearly dif fer ent
(large size and ver ti cal ar range ment of the nod ules; no clear re -
la tion ship of the nod ules with depositional cy cles) from that of
the sabkha anhydrite. This mode bears no re la tion to the
anhydritization that per va sively af fects the gyp sum units in a
deep burial set ting. 
3. The growth of these anhydrite nod ules oc curred dur ing
shal low-to-mod er ate burial. In gen eral, this growth af fected
(dis placed/re placed) the host-gyp sum sed i ments prior to their
com plete lithification.
4. The large anhydrite nod ules de vel oped pref er en tially in
the gyp sum units lo cated in the ba sin mar gins and in the
gypsiferous outer rings of the cen tral evaporite units. How ever,
they could also form in par tic u lar zones of the gyp sum units
that are as so ci ated with struc tural el e ments such as deep faults
and diapirs.
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